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Abstract: The growing global demand for energy and the reduction of energy based on oil are driving
the search for new sources of energy that are environmentally friendly. To achieve this goal, it is also
necessary to optimize the related processes. In this study, the behavior of the agronomic parameters
of, and the energy invested in, production systems based on a new variety of sweet sorghum
(Sorghum bicolor (L.) Moench) called ROGER were determined to define the optimal production
conditions. To this end, three methods of tillage (minimum, traditional, and traditional tillage with
rupture of the plow layer) and three types of fertilizers (inorganic, organic, and without fertilizer) were
established, and to estimate the energy efficiency, the inputs and the energy outputs of each system
were considered. The traditional tillage with breaking of the plow layer and the organic fertilizer
showed the highest values of plant height (2.45 and 2.39 m, respectively); total fresh weight of the
plant (51.66 and 50.77 t·ha−1, respectively), of the stem (42.7 and 41.05 t·ha−1, respectively), and of the
juice (21.89 and 22.57 t·ha−1, respectively); the volume of the juice (20,783.12 and 22,529.59 L·ha−1,
respectively); and Brix degrees (16.04% and 15.01%, respectively). However, the highest energy
efficiency was registered in the production system that used the minimum tillage, with a value of
15.11, as well as when no fertilizer was applied with 18.68.

Keywords: energy efficiency; fertilization; tillage; agronomic parameters; ROGER variety

1. Introduction

Energy demand has increased over the years due to factors such as the growing population size,
the expansion of large cities, increased living standards, increased global pollution, the reduction
of natural resources and productive areas, as well as the extinction of plant and animal species.
The negative effects associated with increased energy production may be mitigated if renewable energy
sources are employed and increased efficiency of the related production processes is attained, so that
energy consumption decreases without affecting quality of life [1,2]. Energy balances permit evaluation
and comparison of the efficiency of production methods of alternative energy [3]. Energy efficiency
favors sustainable agriculture [4] and accounts for energy inputs and outputs of the production system
(Figure 1, first stage); however, energy uses and production differ widely among crops, production
systems, and management intensities. As such, the efficiency of a production process is measured
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by the relationship between the benefits obtained and the resources used. Therefore, it is important
to select the correct analysis method and the right tools. However, in many cases, this depends on
efficiently taking advantage of the available (conventional) resources without affecting the efficiency
and quality of the process [5]. Management practices have considerable effects on the contribution
and energy efficiency of crop production systems [6]; thus, energy demand in agriculture is classified
according to the energy inputs of each production system [7,8]. An efficient process requires that the
energy invested in the production of a biofuel unit, including its agricultural and industrial stages,
be less than the energy that leaves the system [9].
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Figure 1. Block diagram of the production of raw materials of sweet sorghum (Sorghum bicolor (L.)
Moench) (first stage) and its respective energy inputs and outputs from the system.

Biofuels usually derive from vegetable or animal biomass and provide a viable source of energy.
Several studies have shown that plants grown for these purposes might reduce net emissions of
greenhouse gases [10]. According to Bai et al. [11], the most common biomass for fuel production
includes corn, wheat, sugarcane, sugar beet, and sweet sorghum (Sorghum bicolor (L.) Moench).
These sources have shown great potential as substitutes for conventional fuels and for reducing
polluting emissions. In addition, sweet sorghum has shown great adaptability and is resistant to
drought, high temperatures, and salinity. Its characteristics make it an ideal raw material for the
sustainable production of biofuels with Brix degrees of 13–24%, sucrose in juice of 7.2–15.5%, total
yield of sugar in stem up to 12 mg·ha−1, yield of fresh stalk of 24–120 mg·ha−1, and a biomass yield of
36–140 t·ha−1 [12–14]. However, yields vary according to variety, cultivation conditions (soil, water,
climate, pests, and diseases), inputs, and agronomic practices [15]. In comparison with other crops,
it has a lower use of inputs due to the favorable combination of its agronomic and technological
characteristics, making it one of the best raw materials in the production of sugar and biofuels [16–18].
Due to the high capacity of the outbreak, several harvests can be made of the same plant, which reduces
the cost of labor, the time of preparation of the soil and planting, the use of seeds, and energy [19].
It is also good for producing more ethanol per unit area than other crops, requiring fewer chemical
reactions and less energy to obtain it from the juice, with a minimum cost of cultivation, which can be
three times less than that of sugarcane. These characteristics make sorghum a suitable crop for the
production of bioethanol. Its biomass production with a limited water supply separates it from other
crops [20]. Based on the above mentioned points, this research determined the agronomic parameters
and energy consumed in different production systems of a new variety sweet sorghum.
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2. Materials and Methods

2.1. Site Description

Research was conducted at the Marín Academic Unit of the Agronomy School at Nuevo Leon
Autonomous University (FAUANL). This school is located at km 17 of the Zuazua–Marín Highway in
the municipality of Marín, Nuevo León, México. Geographically, it is located at coordinates 25◦53′ N,
100◦2′ W, at 355 m above sea level. The climate corresponds to a BS1 (h) w (e), and it is described as
a dry warm steppe with rainfall in summer. Annual rainfall ranges between 250 and 500 mm, and the
average annual temperature is 22 ◦C. The soil type is thin, compacted vertisol with a high content of
clay and calcium carbonate, a low organic matter content, and pH between 7.5 and 8.5.

2.2. Plant Material

The ROGER sweet sorghum variety (of open pollination, photosensitive and with high content of
juice and sugars in their stems), a genotype registered with the Mexican Agriculture Secretariat in the
Catalog of Plant Varieties under the code SOG-261-050315, was used. This genotype has approximately
75 days to flowering, a plant height of 2.4 m, an average yield of 45 t·ha−1 of fresh weight, and a crop
cycle of 130 days.

2.3. Establishment and Experimental Design

For data collection, a randomized complete-block design was used with arrangements in divided
plots and three repetitions. Experimental treatments were established from three tillage methods
and three types of fertilization. The tillage methods corresponded to the main plots, and fertilization
systems were distributed within each main plot at subplots. Each experimental unit was 6.4 × 40 m.
Treatments were: L1—minimum tillage (clearing and harrowing); L2—traditional work (clearing,
plowing, and harrowing); L3—traditional plowing with breaking of the plow layer (clearing, subsoil,
plowing, and harrowing); F1—organic fertilization; F2—inorganic fertilization; and F3—without
fertilization. In total, there were nine treatments from the combination of the mentioned factors.

2.4. Agronomic Parameters

The following agronomic parameters were measured: (1) Days to flowering (DF), when 50%
of the plants were in bloom; and (2) plant height (PH), from the ground to the apex of the panicle.
From a sample of 200 plants per treatment, the following variables were estimated: (3) total fresh plant
weight (TPW), measured as the weight of the entire plant from 200 plants in kg; (4) stem weight (SW),
for which the 200 stems were weighed without leaves and panicles; (5) leaf weight (LW), measured as
the weight of fresh leaves; (6) spike weight (SW), measured only as the weight of the spike, including
grain; (7) juice weight (JW), after extraction from the 200 stems, juice was collected and weighted;
(8) juice volume (JV), with a graduated cylinder, the volume of the juice obtained from the 200 stems
was measured; (9) degrees Brix (◦B), measured using a manual digital refractometer (PAL 1) from
a juice sample; and (10) total dry plant weight (DPW), obtained by drying a sample of 10 plants
from the 200 harvested from each experimental unit in an oven (HAFO 1600) at 65 ◦C until reaching
constant weight.

2.5. Agricultural Labor

Soil preparation started three months before sowing with clearing. After 21 days, when the soil
was dry and in decomposition, subsoil labor was carried out according to the treatments, introducing
the chisel 0.75 m into the ground and breaking compact and deep layers of the soil. After a 45-day
rest period, plowing and harrowing labors were carried out, both with disk implements at a depth of
0.29 and 0.23 m, respectively. Subsequently, crossing and recrossing with disc harrow was performed.
Planting was carried out on 5 March 2018 (winter-spring cycle of 2018–2019), with a depth of 0.05 m,
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at a distance between rows of 0.8 m and between plants of 0.07 m, for a density of 178,500 plants ha−1.
A superficial drip irrigation system was used.

Organic fertilizer was applied 20 days before sowing, with a dose of 3 ton·ha−1 of chicken
manure (N: 60 Kg·ha−1, P: 65 Kg·ha−1, and K: 75 Kg·ha−1). Chemical fertilizer was applied at sowing
(N: 50 Kg·ha−1 and P: 25 Kg·ha−1) and 25 days after (N: 50 Kg·ha−1 and P: 25 Kg·ha−1). Pest and weed
control were performed by application of pesticides and herbicides, respectively. For the cogollero
worm (Spodoptera frugiperda), a dose of 0.6 L·ha−1 of Pounce 340 CE® was applied on days 28 and
59 after sowing. For the yellow aphid, 0.3 L·ha−1 of Murralla® was applied on days 32 and 81 after
sowing. For the weeds, 1 L·ha−1 of Fito Amina 40® was applied on days 35 and 64 after sowing.

Sorghum was harvested at the end of stage seven (milky grain), as described by Vanderlip [21],
approximately 19 weeks after planting. In this stage, sorghum stems reach the maximum sugar
concentration [22]. Plants were harvested manually at a cutting height of 0.03–0.04 m from the base of
the stem.

2.6. Energy Balance

2.6.1. Energy in Mechanized Agricultural Labor

Energy consumption from mechanized agricultural labor was estimated using the methodology
described by de las Cuevas et al. [23] and Paneque and Sánchez [24], based on proposals by Bridges
and Smith [25] and supported by the background research of Stout [26]. This methodology determines
the energy cost in MJ·h−1 by adding the energy required in construction materials, manufacturing
and transportation, fuel, lubricants/filters, maintenance/repair, labor, fertilizers, pesticides, and seeds.
For this purpose, the energy equivalents shown in Table 1 were used.

Table 1. Energy equivalents.

Concept Unit Equivalent Energy (MJ·unit−1) Source

Human Labor
Manual

h
1.95 [27]

Mechanized 1.05 [28]
Machinery kg 138 * [27]

Diesel L 47.8 [29]
Nitrogen kg 77.5 [30]

Phosphorus kg 12.44 [31]
Potassium kg 11.15 [31]
Insecticide kg 278 [32]
Herbicide kg 214 [32]

Poultry Manure kg 0.3 [28]
Seed kg 59.50 [33]

Irrigation Water m3 1.02 [34]
Electricity kW·h 11.93 [35]

Transportation MJ·km−1
·t−1 4.5 [27]

* Includes the energy cost in steel production plus 50% for assembly.

Total energy expenditure in mechanized agricultural activity (MJ·h−1) was determined by the
following equation:

EST = ESM + ESF + ESL + ESR + ESI + ESH + ESE (1)

where ESM is the energy invested in materials, manufacture, and transport (MJ·h−1); ESF is the energy
invested in fuel (MJ·h−1); ESL is the energy invested in lubricants/filters (MJ·h−1); ESR is the energy
invested in maintenance and repair (MJ·h−1); ESI is the energy invested in seeds, fertilizers, herbicides,
and pesticides (MJ·h−1); ESH is the energy invested in human labor (MJ·h−1); and ESE is the energy
invested in electricity (MJ·h−1) [35]. The energy invested in lubricants/filters as well as maintenance
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and repairs (ESR) was estimated according to Fluck [36] and Paneque et al. [37] as 5% and 129% of the
energy required in fuel (ESF) and in materials, manufacturing and transport (ESM), respectively.

The energy invested in materials, manufacturing, and transportation was determined by the
following equation:

ESM =
Wt ∗ EUt

LUt
+

Wm ∗ EUm
LUm

(2)

where Wt is the weight of the tractor (kg), Wm is the weight of the agricultural machinery (kg), EUt is
the energy per unit mass of the tractor (MJ·kg−1), EUm is the energy per unit mass of the agricultural
machinery (MJ·kg−1) [19], VUt is the useful life of the tractor (h), and VUm is the useful life of the
agricultural machinery (h). Values for Wt, Wm, LUt, and LUm were taken from technical specifications
in the manufacturer’s catalog.

The energy corresponding to fuel was determined by the following equation:

ESF =
l=0∑
l=1

Ch∗Eqf (3)

where Ch is the hourly fuel consumption (L·h−1), or the difference of the initial volume minus the final
volume in the tractor fuel tank (L), divided by the operating time (h), and Eqf is the fuel equivalent
energy (MJ·L−1) [29].

The energy corresponding to seeds, fertilizers, herbicides, and pesticides was determined by the
following equation:

ESIN =
n=s∑
n=1

Nse∗Eqse +
n=s∑
n=1

Fer∗Eqfer +
n=s∑
n=1

Her∗Eqher +
n=s∑
n=1

Pes ∗ Eqpes (4)

where Nse is the quantity of seeds planted (kg·ha−1), Eqse is the equivalent energy for seed production
(MJ·kg−1) [33], Fer is the amount of fertilizer applied (kg·ha−1), Eqfer is the equivalent energy in the
production of fertilizer (MJ·kg−1) [30,31], Her is the applied dose of herbicide (L·ha−1), Eqher is the
equivalent energy for production of the herbicide (MJ·L−1) [23], Pes is the applied dose of pesticides
(L·ha−1), and Eqpes is the equivalent energy in the production of pesticides (MJ·L−1) [32].

The energy sequestered per hectare (MJ·ha−1) was determined by the following equation:

ESha =
EST
Wp

(5)

where Wp is the hourly performance in the mechanized agricultural operation (ha·h−1).

2.6.2. Energy Indexes

The energy indexes were determined according to Tabatabaie et al. [38] and Nabavi et al. [39]
as follows:

Energy efficiency (EE) is the energy provided by the resulting product(s) from the production
process (OE) compared to the energy required to obtain it (IE). It is mainly used when said process is
for the generation of energy (Equation (6)):

Energy e f f iciency =
Output energy

(
MJ·ha−1

)
Input energy (MJ·ha−1)

. (6)

Energy productivity (EP) is the ratio between the amount of product(s) measured in mass units
and the energy required to obtain it (Equation (7)):
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Energy productivy =
Sorghum yield

(
kg·ha−1

)
Input energy (MJ·ha−1)

. (7)

Specific energy (SE) is the relationship between the energy provided by the resulting product(s) of
the productive process and the quantity of product(s) measured in units of mass (Equation (8)):

Speci f ic energy =
Output energy

(
MJ ha−1

)
Sorghum yield (kg ha−1)

. (8)

Net energy (NE) is the difference between the energy provided by the product(s) from the
production process and the energy required to obtain it (Equation (9)):

Net energy = Output energy
(
MJ ha−1

)
− Input energy

(
MJ ha−1

)
. (9)

The calorific value of the dry sorghum biomass (spike, leaf, and stem) was determined using a Parr
calorimeter bomb following the methodology described in the Official Mexican Norm “Determination
of the Calorific Power in Solid Waste” DGN-AA-33-1976. Measurements were conducted in the
laboratory of Nutrition and Food Quality of the Faculty of Agronomy, Autonomous University of
Nuevo Leon.

2.7. Statistical Analysis

The effects of the different production systems on the productivity and the agronomic characteristics
of the crop were determined through a randomized complete-block analysis in a split-plot arrangement
using the statistical package SPSS Statistics. Subsequently, the mean comparison test was applied by
the Tukey method with a probability of 5%.

3. Results and Discussion

3.1. Agronomic Parameters

Analysis of variance of the agronomic parameters in the ROGER variety is shown in Table 2.
It was possible to observe significant statistical differences (p ≤ 0.05) and highly significant differences
(p < 0.01) but without interaction for tillage × fertilization. Comparison of means (Table 3) showed
that among tillage treatments, L3 had the highest values (p ≤ 0.05) for PH (2.45 m), TPW (51.66 t·ha−1),
SW (42.70 t·ha−1), JW (21.89 t·ha−1), LW (3.93 t·ha−1), DPW (14.76 t·ha−1), JV (20,783.12 L·ha−1), and ◦B
(16.04%); but for all variables with the exception of LW, it was statistically equal to L2. However,
no treatment presented a significant difference (p ≥ 0.05) in DF and SW. These results may have been
due to the greater depth in the tillage treatment, which allowed rupture of the plow layer and, thus,
higher root development and increased nutrient availability [6,40]. This setup might contribute to
increased infiltration that takes better advantage of the rainwater and controls some dormant structures
from fungi and weed seeds.

Regarding types of fertilization, F1 had the highest values for PH (2.39 m), TPW (50.77 t ha−1),
SW (41.05 t·ha−1), JW (22.57 t·ha−1), LW (3.86 t·ha−1), SW (5.86 t·ha−1), and JV (22,529.59 L·ha−1),
while DF, DPW, and ◦B were not different among treatments (p ≥ 0.05). It is worth mentioning that for
the variables mentioned, F1 was statistically equal to F2.

In general, PH values obtained were higher than those reported by Oyier et al. [41] for the EUSS10
genotype (1.88 m). There is great heterogeneity in plant size from different genotypes and varieties of
sweet sorghum. Depending on the conditions of the production system and the genotype, height varies
from 2 to 3 m [42]. It should be noted that sweet varieties are higher than grain producers [43] and
are of great technological interest in the production of biomass and bioenergy [42]. Results for TPW,
SW, and DPW reported here are similar to values from other sweet sorghum varieties for bioethanol
production (from 35 to 52.12 t·ha−1) [44].
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Table 2. Mean squares for the analysis of variance for agronomic parameters.

S.V. D.F.
MS

DF PH TPW SW LW SW JW JV ◦B DPW

Repetition 2 17.37 0.01 30.14 18.01 0.14 1.20 1.67 9.71 × 106 6.17 44.25
Tillage 2 22.48 ns 0.07 ** 158.02 * 141.11 * 1.37 ** 0.43 ns 36.70 * 2.83 × 107 * 9.80 * 45.66 *

Error (a) 4 4.04 0.0019 13.63 11.07 0.07 0.69 14.39 6.85 × 106 0.98 10.26
Fertilization 2 23.59 ns 0.01 * 71.96 * 33.58 * 0.66 * 3.86 * 51.15 * 8.74 × 107 * 2.01 ns 14.77 ns

Tillage × Fertilization 4 1.93 ns 0.002 ns 4.75 ns 3.47 ns 0.04 ns 0.61 ns 9.37 ns 7.48 × 106 ns 0.96 ns 14.31 ns

Error (b) 12 11.43 0.0012 14.50 8.32 0.10 0.86 3.94 6.01 × 106 1.06 10.67
C.V. (%) 4.56 1.48 7.96 7.41 8.68 17.55 9.84 12.76 6.91

* Significant at 0.05; ** Significant at 0.01; ns: not significant.

Table 3. Agronomic behavior of sweet sorghum according to tillage (L) and fertilization (F).

Tx DF PH (m)
TPW SW JW LW SW DPW JV

(L·ha−1)

◦B
(%)(t·ha−1)

L1 75.89 a 2.28 c 43.35 b 34.81 b 17.95 b 3.17 b 5.37 a 10.27 b 17,285.83 b 14.01 b

L2 73.33 a 2.38 b 48.44 a 39.34 a 20.69 ab 3.66 a 5.43 a 12.18 ab 19,534.96 ab 14.62 ab

L3 73.00 a 2.45 a 51.66 a 42.70 a 21.89 a 3.93 a 5.03 a 14.76 a 20,783.12 a 16.04 a

F1 72.78 a 2.39 a 50.77 a 41.05 a 22.57 a 3.86 a 5.86 a 13.53 a 22,529.59 a 15.01 a

F2 73.56 a 2.38 ab 47.53 ab 38.54 ab 20.16 ab 3.59 ab 5.40 ab 12.67 a 18,722.60 b 15.29 a

F3 75.89 a 2.33 b 45.14 b 37.26 b 17.80 b 3.32 b 4.57 b 11.01 a 16,351.71 b 14.37 a

Tx = treatment. Different literals in the same column indicate significant differences.
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Regarding production parameters for juice, JW, JV, and ◦B showed similarity with reported
values from other varieties: values for JW ranged from 16.43 (Ramada) to 28.10 t·ha−1 (Mn-4508 );
for JV, from 13,546.6 (EUSS10) to 22,976.9 L·ha−1 (SS04); and for ◦B, from 11.26% (Mn-1054) to 19.12%
(SS-301) [41,45]. These parameters vary by genetic, climatic, and edaphic factors [46]. Although none
of the fertilization treatments included nitrogen levels of 80–120 kg·N·ha−1 (recommended) for sweet
sorghum [47,48], ROGER showed similar agronomic yields. This can be explained by the genotypic
characteristics of the variety, which allows adaptation to limited nutrient environments [22].

3.2. Energy Balance

3.2.1. Energy in Mechanized Agricultural Labor

Table 4 shows the energy expenditure in mechanized agricultural labor for sweet sorghum
production. The most energy demanding labor was F2 (9080.97 MJ·ha−1), higher than F1, which was
almost three times as energy efficient (3426.65 MJ·ha−1) as inorganic. However, this result was lower
than the 15,801 MJ·ha−1 reported by Ren et al. [33] in another sweet sorghum variety. Such behavior
could be the result of lower fertilization dose, specifically nitrogen. Thus, our results confirm that
mineral (inorganic) fertilizers, among different sources of energy, are the greatest contributors to energy
consumption [49,50]. This is particularly evident with nitrogen fertilizers.

Within the energy requirements in all the work carried out, the main source of energy for its
execution was diesel fuel, which coincided with other research [49]. Subsoil labor had the maximum
energy expenditure (1696.9 MJ·ha−1). This number reflects the depth of labor, equipment size, speed of
work, conditions, and type of soil due to the degree of compaction [51]. The traction of agricultural
equipment depends on the mechanical resistance of the soil to penetration, which in turn, is influenced
by the depth of labor and the tool–ground contact area of the equipment. For tool–ground contact area,
the geometry of the cutting tool (angle of attack) is decisive [52]. Thus, a reduction in energy costs for
high-fuel-consumption labor (subsoil and plow) could be achieved by employing multiplows that
reduce labor activities [51]. Conversely, lower-energy labor corresponds to superficial soil labor [24],
such as the clearing labor in this study.

Table 4. Energy expenditure of mechanized agricultural labor in sweet sorghum.

Labor
ESM ESF † ESL ESR ESH ESI Total

MJ·ha−1

Clearing ♣ 27.94 406.3 ₤ 23.94 36.04 0.63 - 494.55
Plowing 113.69 1386.2 112.22 146.67 1.46 - 1760.24
Subsoil 192.96 1696.9
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3.2.2. Energy Indexes

Energy indexes in the production systems showed significant differences (p ≤ 0.05) and highly
significant differences (p < 0.01), without interaction between tillage and fertilization treatments
(Table 5).

Table 5. Analysis of variance for energy indexes.

S.V. D.F.
MS

IE 1 OE 2 EE 3 EP 4 SE 5 NE 6

Repetition 2 7.27 × 106 1.75 × 109 0.12 0.03 0.03 1.53 × 109

Tillage 2 1.27 × 108 ** 4.73 × 109 * 15.67 ** 0.28 * 0.25 ** 3.41 × 109 *
Error (a) 4 2.96 × 106 6.79 × 108 0.19 0.03 0.05 5.97 × 108

Fertilization 2 1.81 × 108 ** 5.6 × 109 * 44.89 ** 0.89 ** 0.10 ns 5.08 × 109 *
Tillage × Fertilization 4 2.01 × 105 ns 3.79 × 108 ns 2.04 ns 0.03 ns 0.04 ns 3.88 × 108 ns

Error (b) 12 3.71 × 106 1.01 × 109 0.13 0.05 0.03 8.96 × 108

C.V. (%) 7.68 9.17 2.55 11.49 2.51 9.30
1 Energy input; 2 Energy output; 3 Energy relationship; 4 Energy productivity; 5 Specific energy; 6 Net energy;
* Significant at 0.05; ** Significant at 0.01; ns: not significant at 0.05.

Table 6 shows the comparison of means for energy indexes for each production system.

Table 6. Energy indexes in production systems.

Tx
IE 1 OE 2 Index

MJ·ha−1 EE 3 EP 4 (kg·MJ−1) SE 5 (MJ·kg−1) NE 6 (MJ·ha−1)

L1 21,278.95 c 321,525.07 b 15.11 a 2.04 a 7.42 a 300,246.12 b

L2 23,549.98 b 352,301.98 ab 14.96 a 2.05 a 7.27 ab 328,752 ab

L3 26,093.27 a 366,349.52 a 14.04 b 1.98 b 7.08 b 340,256.25 a

F1 20,434.93 b 371,806.87 a 18.19 a 2.48 a 7.33 a 351,371.94 a

F2 26,225.35 a 346,436.95 ab 13.21 b 1.81 b 7.30 a 320,211.64 ab

F3 17,234.09 c 321,932.76 b 18.68 a 2.62 a 7.13 a 304,698.67 b

Tx = treatment; L = tillage treatment; F = fertility treatment; 1 Energy input; 2 Energy output; 3 Energy efficiency;
4 Energy productivity; 5 Specific energy; 6 Net energy; and a–c Different letters in the same column denote statistically
significant differences.

It is observed that the L1 (21,278.95 MJ·ha−1) and F3 (17,234.09 MJ·ha−1) production systems had
the lowest IE per hectare. Energy input was less than the 27,089 MJ·ha−1 mentioned by Ren et al. [33],
but it was greater than the 18,399 MJ·ha−1 reported by Dar et al. [53]. This behavior could be the result
of fuel expense derived from the number of tasks or inputs used (fertilizers, herbicides, insecticides,
etc.). On the other hand, the highest OE was for L3 (366,349.52 MJ·ha−1) and F1 (371,806.87 MJ·ha−1).
These values are in the range of 250,000–422,000 MJ·ha−1 [54], and they depend on the agronomic
performance and calorific value of the plant material. The highest numerical value of EE was for
L1 (15.11) and F3 (18.68). These values were in the range of 10–32, as mentioned by Venturi and
Venturi [54], and surpassed the value of 12.4 described by Ren et al. [33]. Our results could be a product
of efficient management and conditions in production systems, particularly due to effective operation
of agricultural machinery [55]. EP is directly related to agronomic performance of the crop and the
energy investment in the production process. L2 (2.05 kg·MJ−1) and F3 (2.62 kg·MJ−1) showed the
highest values; these results were higher than those reported by Monti and Venturi [49] of 0.7 kg·MJ−1.

In the case of SE, the highest numerical value was observed in L1 (7.42 MJ·kg−1). However,
the highest values of NE were shown in L3 (340,256.25 MJ·ha−1) and F1 (351,371.94 MJ·ha−1), but they
were statistically equal to L3 and F2, respectively. These values surpassed other production systems with
values of 121,500 [50] and 223,928 MJ·ha−1 [53]. Our results show the energy potential of this sorghum
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variety under the production systems tested, where energy indexes depended on the agronomic
performance of the crop, consumption of fuel and fertilizers, and agronomic conditions of production.

4. Conclusions

The agronomic parameters of the new ROGER variety were evaluated. This variety produced
considerable yields of biomass and juice despite cultivation in a semiarid zone. Likewise, the results
of the energy balance indicated high energy efficiency under the different production systems tested.
Both desirable characteristics show the potential that the ROGER variety has for the production of bioethanol.
This potential will be evaluated in future research to obtain first- and second-generation bioethanol.
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Abbreviations

DF days to flowering
PH plant height
TPW total fresh plant weight
SW stem weight
LW leaves weight
SW spike weight
JW juice weight
JV juice volume
◦B degrees Brix
DPW total dry plant weight
EST total energy expenditure in mechanized agricultural activity
ESF energy invested in fuel
ESM energy invested in materials, manufacture and transport
ESL energy invested in lubricants
ESI energy invested in seeds, fertilizers, herbicides, pesticides
ESR energy invested in maintenance and repair
ESH energy invested in human labor
ESE energy invested in electricity
EE energy efficiency
OE output energy
IE input energy
EP energy productivity
SE specific energy
NE net energy
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